Ultrafine particles have been suggested to be one of the components responsible for the adverse health effects of environmental particulate air pollution (PM 10 ). This study aimed to investigate the ability of fine and ultrafine carbon black (ufCB) particles to stimulate production of the pro-inflammatory cytokine tumour necrosis factor alpha (TNFα) by primary rat alveolar macrophages. We have previously demonstrated that ufCB, but not fine CB, is able to enhance calcium influx into macrophages in the presence of a secondary calcium agonist such as thapsigargin. For this reason, we also investigated the role of intracellular calcium signalling in controlling ufCB-induced TNFα production. Observation of rat alveolar macrophages stained with the calcium-sensitive dye Fura-2 and then treated with ufCB resulted in a rapid but transient increase in cytosolic calcium concentration in individual cells within 15 min of exposure. ufCB treatment of the primary macrophages also induced a significant increase in TNFα mRNA and protein production within 4 h of exposure. Inhibition of calcium influx using a calcium channel blocker, verapamil, as well as inhibition of calcium signalling events with an intracellular calcium chelator, BAPTA-AM, both prevented the ufCB-induced increase in TNFα protein production. TNFα mRNA production was inhibited by verapamil but not by BAPTA-AM. Addition of the antioxidant nacystelin, previously shown to inhibit ufCB-induced calcium influx into macrophages, also inhibited TNFα protein but not mRNA production. These data support the hypothesis that ultrafine particles, via reactive oxygen species, enhance calcium influx into macrophages and that these oxidative and calcium signalling events activate TNFα production.
INTRODUCTION
Ultrafine particles (diameter <100 nm) are one of the components of respirable particulate air pollution (PM 10 ) which have been suggested to be responsible for the health effects associated with elevations of this pollutant (Donaldson et al., 2000) . In addition, exposure to ultrafine particles in the workplace could be a significant problem due to their wide use in the manufacture of a diverse array of products (Pui and Chen, 1997) . We (Seaton et al., 1995; and others (Utell and Frampton, 2000) have suggested that ultrafine particles may induce inflammation in the lung which would then exacerbate pre-existing illness in susceptible individuals. The inflammatory process may be driven by their large capacity to generate reactive oxygen species (ROS) (Stone et al., 1998) which could then stimulate macrophages and epithelial cells to produce a variety of cytokines including tumour necrosis factor alpha (TNFα) and interleukin 8 (IL-8). It has also been shown that ultrafine particles can inhibit the motility and phagocytic ability of macrophages in vitro (Renwick et al., 2001) , and so may impair their own clearance from the lung.
Several reports suggest that the production of proinflammatory mediators in a number of diseases such as sepsis may be driven by intracellular calcium signalling pathways (Sayeed, 1996) . For these reasons we have investigated the role of calcium in controlling the production of cytokines by macrophages exposed to ultrafine particles. In addition, intracellular calcium has also been implicated in the control of a large variety of cellular processes, including superoxide generation via the NADPH oxidase (Raddassi et al., 1994) , nitric oxide production by constitutive nitric oxide synthetase activity (Raddassi et al., 1994) , cytoskeletal function (Young et al., 1994) , secretion of proteins (Berridge, 1998) and activation of a number of transcription factors such as nuclear factor kappa B and nuclear factor of activated T cells (Dolmetsch et al., 1998) . Hence, there are a large number of physiological and pathological cellular functions which could be stimulated via calcium signalling following exposure to ultrafine particles.
We have previously demonstrated that ultrafine carbon black (ufCB; diameter 14 nm), but not fine carbon black (diameter 260 nm) stimulates an increase in the resting cytosolic calcium concentration of a human monomac 6 (MM6) cell line (Stone et al., 2000a) . This increase in cytosolic calcium was demonstrated not to involve apoptosis or cell death as the cells continued to be able to respond to the calcium agonist thapsigargin. In fact, the response to thapsigargin was enhanced after the cells had been treated with the ultrafine particles in a dosedependent manner (15-66 µg/ml) and this response was due to an increase in calcium influx via plasma membrane calcium channels (Stone et al., 2000a) . Almost identical results were obtained using primary rat bronchoalveolar lavage cells (>90% macrophages). These data suggested that the ultrafine particles enhance calcium signalling in the macrophages. Furthermore, the ability of ultrafine particles to generate ROS appears to be important in inducing these calcium changes, since antioxidants such as nacystelin and mannitol were able to inhibit, in part, the ufCB-induced enhancement of the calcium response to thapsigargin.
This study aimed to investigate whether ultrafine particles might increase TNFα expression by primary macrophages and to elucidate whether intracellular calcium signalling events might be important in inducing this cytokine production.
MATERIALS AND METHODS
Untreated male Wistar rats were killed by intraperitoneal injection of pentobarbitone before lavaging the lungs with 4 × 8 ml aliquots of saline. Rat alveolar macrophages were isolated from the resultant bronchoalveolar lavage (BAL) by adhesion onto either glass coverslips or plastic culture dishes. BAL cells were seeded in RPMI medium at a density of 5 × 10 5 cells/ml and incubated at 37°C, 5% CO 2 for 1 h before washing. Prior to treatment with particles, cells to be used for digital enhanced video microscopy (Roper Scientific) were treated with the calcium-sensitive dye Fura2-AM (2 µg/ml) for 30 min at 37°C. Cells were washed with fresh medium before observing the fluorescence ratio (excitation 340 and 380 nm, emission 510 nm) by microscopy at a magnification of 63× (Zeiss microscope). Images were captured every 0.1 s by a Coolsnap fx Photometrics (Roper Scientific) camera controlled by Metafluor software. Particles were added after 5 min and imaging continued for a further 25 min.
In separate experiments, rat alveolar macrophages were treated with fine (260 nm diameter) or ultrafine (14 nm diameter) CB particles (100 µg/ml) for 4 h before recovery of the supernatant for measurement of TNFα protein by enzyme-linked immunosorbent assay (AMS Biotechnology, Abingdon, UK), and extraction of mRNA for reverse transcriptase-polymerase chain reaction (RT-PCR). Rat TNFα primers were purchased from MWG AG Biotech (Ebersberg, Germany). In addition to treatment of the cells with particles, cells were also treated with either medium alone (control), the calcium channel blocker verapamil (100 µM), the intracellular calcium chelator BAPTA-AM (50 µM) or the antioxidant nacystelin (5 mM).
RESULTS
Exposure of the rat alveolar macrophages to ufCB (100 µg/ml) resulted in a rapid, but transient increase in cytosolic calcium (data not shown). Different cells responded at slightly different times either due to inherent differences between individual cells within the population, or because of interaction with varying particle exposures even within the same culture system. Treatment of rat alveolar macrophages with ufCB (100 µg/ml) for 4 h stimulated an increase in both TNFα protein secretion ( Fig. 1) and TNFα mRNA expression ( Fig. 2) . Fine CB had no significant effect on either TNFα protein or mRNA production (Figs 1  and 2 ). Both the calcium channel blocker verapamil and the intracellular calcium chelator BAPTA-AM completely inhibited the ufCB-induced TNFα protein secretion. In addition, verapamil, but not BAPTA-AM inhibited the ufCB-induced increase in TNFα mRNA expression.
Addition of the antioxidant nacystelin (5 mM) to the rat alveolar macrophages also significantly inhibited the ufCB-induced increase in TNFα protein Fig. 1 . The effect of ultrafine particles on tumour necrosis factor alpha (TNFα) protein production by rat alveolar macrophages. Macrophages were treated for 4 h with 100 µg/ml of either ultrafine carbon black (ufCB), or fine carbon black (CB) in the absence and presence of verapamil (Verap; 100 µM) or BAPTA-AM (BAPTA; 50 µM). TNFα expression   221 production. In contrast, nacystelin at this dose was not able to prevent the ufCB-induced increase in TNFα mRNA production. Taken together, these data indicate that ultrafine, but not fine CB particles, via ROS, stimulate an intracellular calcium signalling event in macrophages which results in an increase in TNFα protein secretion.
Role of calcium in the induction of

DISCUSSION AND CONCLUSIONS
The data presented herein confirm that at an individual cellular level, ultrafine particles, even in the absence of a secondary agonist such as thapsigargin, are able to induce a transient cytosolic calcium elevation in primary rat alveolar macrophages. Together with the ability of the cells to respond to an agonist like thapsigargin (Stone et al., 2000a,b) , the transient nature of the calcium fluctuations suggests that the observed calcium changes were not a consequence of cell death, but rather a specific calcium signalling event. Furthermore, through the use of calcium antagonists and antioxidants, these results indicate that both intracellular calcium signalling and ROS are important in controlling ufCB-induced TNFα expression. We can now hypothesize that ultrafine particles induce ROS production in macrophages (Wilson et al., 2001) and that these ROS stimulate intracellular calcium signalling events (Stone et al., 2000a) . This signalling activates TNFα gene expression leading to an increase in TNFα protein secretion. In addition, both ROS and calcium may influence TNFα protein production via a post-transcriptional or post-translational signalling event.
The dose of particulates used in these studies was 100 µg/ml. Future experiments will verify whether lower doses are capable of inducing comparable results.
The adverse effects of PM 10 are seen in individuals with existing inflammation, either local or systemic. Previous experiments suggest that ultrafine particle treatment of macrophages not only stimulated an intracellular calcium signal but also resulted in an enhanced calcium response to subsequent stimulation with the agonist thapsigargin. It remains to be seen whether co-treatment of macrophages with ultrafine particles and a secondary pro-inflammatory stimulant such as ATP released from damaged cells (Naumov et al., 1995) , or a cytokine, might further enhance the calcium-mediated TNFα production. Such experiments can be used to simulate the environment anticipated within the lungs of susceptible individuals where inflammation might already occur.
